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Steady-State and Transient Currents in Organic Liquids by Injection 
from a Tunnel Cathode* 
M. SILVER AND D. G. ONN 
Physics Department, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27514 
AND 
P. SMEJTEK 
Institute of Macromolecular Chemistry, Czechoslovak Academy of Sciences, Prague, Czechoslovakia 
(Received 8 April 1968; in final form 13 December 1968) 
Experimental data are presented on the currents induced in. or~anic liquids by injection fr?~ a t.unnel 
cathode. The injection level was varied over a wide range resultmg m almost no space-charge l~=talfon !o 
almost complete space-charge limitation. Results were different from that usually observed m solIds, m 
that at low fields the steady-state current was proportional to P, while at high fields the current was 
proportional to V: By proper choice of electrode spa~ing and applied voltage, space-char~e.-limited current 
transients as low as 10-11 A/cm2 and 5 sec transit times were observed. A smooth transltlon between the 
electrode-limited and the space-charge limited regimes was achieved by varying the junction voltage that 
varied the injection level. 
INTRODUCTION 
Transient space-charge-limited currents (TSCLC) 
were first experimentally and theoretically examined in 
solids by Manyl.2 et at. and by Mark and Helfrich.3 
The former used a pulsed light source to generate a 
high density of carriers near the electrode, while the 
latter used a chemically injecting electrode. In both 
cases it was assumed that at t=O, the density of free carri~rs at the cathode was so large that, essentially, 
the field could be considered to be vanishingly small. 
Further it was assumed that the TSCLC were too , . 
small to deplete the reservoir of earners. 
TSCLC in solids is complicated by the fact that 
there are trapping levels that slow down the passage of 
charge through the crystal. This has the effe?t ~f 
reducing the trap-free current by an amount 0, whIch IS 
the ratio of the free carriers to the trapped carriers. 
(0 depends upon the density and distribution o! the 
traps.) If the trapping time is slow compared WIth a 
transit time, there will be a slow decay down from the 
trap-free current to the trap-controlled ~urrent. If t~e 
trapping time is very fast compared Wlth the transIt 
time the current rises only to the trap controlled valu~. The details are clearly presented in the elegant 
paper by Many.2 
In liquids, one does not, in general, have the com-
plication of traps for two reasons.:. \1) The traps are 
usually impurities that have moblhtIes compara~le to 
the charge carriers (Argon is a notable exceptlOn).4 
(2) Because of the mobilit! of the trap, ~e. energy 
distribution is relatively ummportant. In hqUlds, one 
has the possibility of observing either the pure trap-free 
* Supported in part by the National Science Foundation, A::my 
Research Office Durham, and the Advanced Research Projects 
Agency. . Ph R 126 1989 
1 A. Many, S. Z. Weisz, and M. Slmhony, ys. ev. , 
TSCLC or the very fast trapping case, which behaves in 
a similar way to the trap-free current. The transport 
properties then become accessible to measurement and 
simple interpretation. 
The problem with organic liquids has been, until 
recently, that it was difficult, if not impossible, to make 
Ohmic contacts to them using standard metal elec-
trodes. This has recently been solved by use of tunnel 
cathodes.5 These electrodes are capable of supplying 
over 10-7 A/cm2 into vacuum. 
These tunnel cathodes have an effect that is different 
from the usual Ohmic contacts, such as indium on CdS, 
in that the injection level is limited but variable. 
Indium on CdS can provide a good Mott and Gurney6 
cloud for most practical experimental conditions. 
Because of the high mobility of carriers in CdS, space-
charge-limited currents of A/cm2 are potentially avail-
able. Tunnel junctions, on the other hand, can be used 
with liquids to give space-charge-limited currents, even 
though their capabilities are so small because the 
mobility (10-4 cm2/V·sec) and consequently the space-
charge-limited currents are also so small. 
The variable injection level affords one the oppor-
tunity of examining the transition region between 
electrode and space-charge limitation for its own ~ake, 
and also to gain some knowledge about the magllltude 
of the space-charge cloud at the cathode due to injection. 
In this paper we present some experimental results 
on steady-state and transient currents resulting from 
injection from these tunnel cathodes. We observe 
currents both in a high-field region where the current 
is a linear function of the voltage, and in a low-field 
region where the current depends upon P. As the 
injection level is reduced from some high .value where 
the current is space-charge limited, two major effects on 
the transient are observed; the transit time increases 
(1;~\.1any and G. Rakavy, Phys. R;ev. 126, 1980 (1962). • M. Silver, D. G. Onn, P. Smejtek, and K. Masuda, Phys. Rev. 
3 W. Helfrich and P. Mark, Z. P~yslk 166,370 (1962). Lei~rs1912;t~ ~!;;~. W Gurne Electronic Processes in Ionic 
• B. Halpei') J. Lekner, S. A. Rice, and R. Gomer, Phys. Rev. Cryst~ls '(Oxford Univ~rsity Press,Y6xford, 1948), 2nd ed., p. 169. 
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FIG. 1. Schematic representation of the apparatus 
used in these experiments. 
slightly and the current does not rise to as high a peak 
value. At the high injection levels, it seems that the 
transient current rises from a very small value at first 
to a value approximating that predicted by the usual 
space-charge-limited theory. 
EXPERIMENTAL TECHNIQUES AND RESULTS 
The tunnel junctions used were of the AI-AbOa-Au 
type. An excellent survey of their characteristics and 
operation is given in a review article by Crowell and 
Sze7 and in another paper by Savoye and Anderson.s 
105r-----~.------------------. 
10 
I=-----~~----~~-----L--~ 
. 09 ,10 .11 ,12 
i /Vo (vol I)-I 
FIG. 2. Log of the emission current vs the reciprocal of the 
junction voltage for emission into vacuum and cyclohexane for 
two different collector voltages. 
7 C. R. Crowell and S. M. Sze, Physics oj Thin Films (Academic 
Press, Inc., New York, 1967), Vo!' 4, pp. 350-354. 
8 E. D. Savoye and D. E. Anderson, J. App!. Phys. 38, 3245 (1967) . 
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The technique for growing these emitters was exactly 
the same as that described by Crowell and:Sze,71and 
is therefore not repeated here. Our junctions had about 
150 A gold layers and about 100-150 A oxide layers. 
These junctions were capable:of supplying over 10-6 
A/cm2 into vacuum for many hours, providing the 
applied voltage across the oxide during operation was 
kept below 1 V /13 A oxide thickness. 
A schematic diagram showing the arrangement is 
shown in Fig. 1. Only standard components were used. 
A 12 V wet cell was used to drive the junction, while 
45 V dry cells were used for the collector voltage. A 
calibrated helipot was used as a voltage divider in the 
junction voltage circuit. In later experiments, this 
voltage was measured by a digital voltmeter that was 
accurate to ±2X 10-3 V. The switches SI and S2 were 
standard rotary switches, except that the rotor was 
remounted on Teflon to give better insulation. The dark 
current was less than 10-14 A. With the junction sub-
merged in the liquid, the dark current was less than 
10-13 A and was bucked out using the zero adjustment 
on the Keithley meter. 
The collector electrode-junction spacing was typically 
a few millimeters. The entire structure, diode collector 
electrode, etc., was mounted in a glass system con-
nected through stopcocks to standard vacuum equip-
ment and to a chamber containing the purified liquids. 
After the diodes were tested in this chamber in vacuum, 
the organic liquid was distilled or poured into the 
chamber until the diode was completely submerged. 
Usually ultrapure cyclohexane was used, although 
some experiments were carried out using benzene . 
The dark conductivity was usually less than 10-16 
(g·cm)-I. 
As is well known,7,8 the log of the steady-state emis-
sion current from these diodes into vacuum plotted 
against the reciprocal of the junction voltage gives a 
straight line. The results for one of our diodes are 
shown in Fig. 2. The injection current can be varied 
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FIG. 3. Log of the emission current vs the log of the collector 
voltage for three! different injection levels. The injection level 
was varied by changing theaunction voltage and was determined 
from the data for emission into vacuum at the same junction 
voltage. 
over three decades for only a 2 V charge in junction 
voltage. 
Also shown in Fig. 2 is the log of the steady-state 
current into cyclohexane for the same junction and 
junction voltage, but different collector voltages. In 
vacuum, the emission current was independent of 
collector voltage at voltages above 20 V. However, 
notice that there is still a voltage dependence at 270 V 
for emission into cyclohexane. It should also be noticed 
that at high injection currents (small l/VD ) , the current 
into the liquid tends to saturate, while no such tendency 
is observed for emission into vacuum. Further, it is 
interesting that although it takes less energy for 
emission into cyclohexane than into vacuum, the current 
in the liquid is much less than that available for 
emission into the vacuum. (The reason that it takes 
less energy for emission into cyclohexane than into 
vacuum is that cyclohexane has a positive electron 
affinity, and therefore the relative work function 
between gold and cyclohexane is less than between gold 
and vacuum.) 
The log of the current into cyclohexane vs the log of 
the collector voltage for three different injection levels 
is shown in Fig. 3. (Injection level is defined as the 
current available from the junction for emission into 
the liquid. This is usually controlled by var?~g !he 
junction voltage. As a crude measure of the InJectlOn 
level, we use the emission current into vacuum at the 
specified junction voltage.) At low current levels! the 
current is a linear function of voltage. At the hIgher 
injection levels, the current depends upon the square of 
the voltage at low voltages and then tends toward a 
linear dependence at high voltages. In the low-voltage 
high injection level regime, the current is independent 
of the injection level. This suggests that at low collector 
voltage but high injection current levels, the current in 
the liquid is space-charge limited. However, it should 
also be noticed that there is a large linear region with no 
indication of a saturation as the collector voltage is 
increased. 
Transient current measurements were made by 
switching both the junction voltage and the collector 
voltage. These results are shown in Fig. 4 for three 
different injection levels but one collector voltage 
(180 V). The sharp pulses during the first second or 
two are just the switching transients. Several interesting 
features of these transient responses should be noticed: 
as the injection current is reduced, the transit time 
(time of the peak current) is increased; the current 
pulse for the highest injection level resembles those 
obtained by Many et al.l ,2; finally, the current at the 
2 sec time (the shortest time we can reliably determine 
the current in these measurements) is less than that 
predicted by the Many theory. Here the ratio 
i2 sec/ ipeak is less than 1: 3, while the theory due to 
Many predicts a value of around 1: 2. This result 
suggests that the current starts from a very low value 
as predicted by Lampert and Schilling.9 
It is not proposed that the Many theory is wrong, 
but only that one does not have as good an Ohmic 
contact under these relatively small injection levels as 
can be obtained from indium on CdS or a pulse of high-
intensity strongly absorbed light on anthracene or 
iodine crystals. More is said about this point in the 
discussion. 
As seen from the steady-state measurements, for a 
given injection, one can come closer to the true space-
charge-limited conditions by lowering the voltage. 
Transient pulses for the highest injection level available 
at 13S V and O.4S-cm electrode spacing are shown in 
Fig. S. The pulse shape appears to be closer to the pure 
Many-type space-charge-limited current in that the 
ratio of the peak current to the steady-state current is 
greater under these conditions than the higher voltage 
region shown in Fig. 4. The small decaying oscillation 
after the peak predicted by Manyl is beginning to 
appear. One sees a small minimum at around 6! sec and 
another small maximum at around 8 sec. If one takes 
the transit time to be approximately 4.8 sec, these 
minima and maxima are occurring at t/~1.1 and 
t/t~1.3, compared with the predicted values of 1.3 
and 1.6. This is believed to be reasonable agreement 
considering the errors in determining the positions of 
these various maxima and minima. 
The transit time, taken to be the peak current value, 
was measured as a function of the applied voltage for 
the highest injection level available. The results are 
shown in Fig. 6. As can be seen, the transit time is a 
9 M. Lampert and R. B. Schilling, Phys. Rev. Letters 18, 493 
(1967) . 
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FIG. 4. Transient current response for three dif-
ferent injection levels. The: collector voltage '-in 
case was 180 V. Upper trace, highest injection 
level; lowest trace, lowesfinjection level. The same 
junction was used for all three traces. The large 
pulses during the first second or two are due to the 
switching transient. 
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FIG. 5. Transient current response for 135 V 
collector voltage. Because of the lower voltage 
than that used for Fig. 4, the current is closer 
to a pure space-charge-limited transient. 
linear function of the reciprocal of the applied voltage. 
Thus, we are reasonably confident that polarization 
effect of the liquid-electrode region is not significantly 
altering the field. 
The mobility derived from these transit time meas-
urements is 2.8XlD-4 cm2/V·sec and is the same value 
one gets from the steady-state space-charge-limited 
current (j =ff.L P/81fD). This means that the entire 
geometric area of the junction is emitting at least at 
high injection currents where space-charge limitations 
are evident. 
DISCUSSION 
The main features of the experimental results pre-
sented here can be explained if it is assumed that the 
density of charge near the cathode region is determined 
primarily by the magnitude of the injection current and 
back diffusion into the injecting electrode. Such an 
2 
1.00 1.20 1.40 
FIG. 6. Transient time vs reciprocal applied voltage. 
:j 
10 II 
t (sec) 
assumption is not unreasonable and was considered by 
Thomson10 for the problem of photoinjection into a 
dense gas, and by Mott and Gurney; for injection into 
an insulator from a thermionic metal contact. Lampert9 
used the same idea to show that the initial value of the 
transient space-charge-limited current is small rather 
than very large as expected from diffusion of the 
physically unrealistic infinite density reservoir. 
As first shown by Thomson/o the steady-state current 
for free electrons and no space-charge distortion is 
j =j.[l +Vth/ (611") 1/2f.LEJ-L--vj.( 6?r) 1/2f.LE/Vth, (1) 
since VtI»f.LE, and where j. is the emission current, Vth 
the thermal velocity, f.L the mobility, and E the applied 
electric field. Mott and Gurney calculated their space-
charge cloud from continuity of current for free elec-
trons and arrived at the well-known formula 
(2) 
where 
po=j.(6?r)1/2/ Vth and Xo= (27rPoe/EkT)-1/2. 
In most liquids, it is unlikely that free electrons exist 
for more than 10-9 sec, but rather they form low-
mobility negative ions or solvated electrons. If this 
relaxation is fast so that the diffusion length of the free 
electron during its lifetime is small, Eqs. (1) and (2) 
are only slightly altered. It is simple to show, using 
-V·jf-pf/r=O and -V'J,+Pf/r=O, where the 
subscripts f and s refer to the free electron and the slow 
10 J. J. Thomson and G. P. Thomson, Conduction of Electricity 
Through Gases (Cambridge University Press, New York, 1928), 
3rd ed., Vol. 1, p. 466. 
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FIG. 7. Theoretical shape of the transient current pulse for 
various injection levels a in units of the reciprocal of the space-
charge free transit time. The region near the peak current is 
expanded and shown in the upper left-hand corner. Also shown 
are the initial values of the current at t = 0 for different injection 
levels. 
ion or solvated state, respectively, that 
j"""'j.(1r/6) 1/2eEA/kT, (3) 
where A is the mean free path for elastic scattering, and 
where ~ is the diffusion length of the free electrons 
during their lifetime. 
Either Eq. (1) or (3) shows the linear dependence of 
the current upon field strength in agreement with 
experiment. 
The transient current during the first transit time 
can be calculated simply by including a nonzero field at 
the cathode. In this case, the Many2 equation for the 
current is modified as follows: 
(5) 
This is the same equation used by Weisz et at. ll to 
calculate the effect of a time-dependent reservoir. 
The difference between EL and Eo is just the total 
charge in the volume, i.e., 
EL - Eo = l' aEodt+ ( 47r /E) PoXo, (6) 
o 
where a is 47r/e times the current per unit field strength 
that can be extracted from the reservoir [(47r/e)j/E 
from Eqs. (1) and (3) J. 
Equations (5) and (6) have been solved numerically 
for different . values of a. These results are shown in 
Fig. 7 where the values of a are expressed in terms of 
the reciprocal of the transit time. One sees a smooth 
transition from the small space-charge distortion case to 
the almost complete space-charge-limited current. 
These curves show the same features as the experi-
mental results shown in Fig. 4 for various injection 
levels. The initial value of the current at t=O increases 
smoothly with increased injection level and saturates 
at the Many value. 
A slight overshoot from the maximum value of the 
current and a slightly longer transit time than that 
predicted by Many (j/jo=2.72) is evident, and is due 
to the contribution to the current by that part of the 
Mott and Gurney cloud where the density is less than 
CV / L. [The maximum current during the transient is 
attained (as shown by Many2) when that charge 
density approximately equal to CV / L reaches the 
anode.] The overshoot region is expanded to show it in 
more detail. The experimental results in Fig. 5 show 
this overshoot as well. The ratio of peak current to the 
steady-state current predicted by Many2 is 1.21, while 
one obtains a value of around 1.35 from Fig. 5. 
If in experiments such as these a can be determined, 
then one can obtain information on the mean free path 
for elastic scattering for electrons in liquids that have 
not been determined before. More careful measure-
ments near t=O are needed than have been made here. 
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